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The content is divided in two main parts, in accordance with the biological system-type 
employed to confer light-sensitive properties. 
The first part, divided in three chapters, is focused on the development of efficient 
photochromic compounds for the modulation of important brain receptors, as kainate and 
GABAA channel proteins. 
The second part deals with the light-modulation of the catalytic site of lipase 2 using 
photochromic molecules, to analyse the change in the hydrolytic enantiopreference and the 
mechanism involved. 
As an introductory summary, each part starts with an updated overview about light-
sensitive type-related biological system classified by families and cronologically. 
A compilation of conclusions is covered at the end of the thesis highlighting the main 
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This section is adapted from a book chapter published in Novel Approaches for Single 
Molecule Activation and Detection in the series entitled Advances in Atom and Single 
Molecule Machines.35 It provides an overview of the field of opto (genetic) pharmacology 
for the last four years, classified by receptor families using PCLs and PTLs as an 
introduction to the three chapters of this Part I.  
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Abstract  
The development of photochromic and photoswitchable tethered ligands for ion channels 
and receptors have made important contributions to optopharmacology and optogenetic 
pharmacology. These compounds provide new tools to study ion channel proteins and to 
understand their function and pathological implications. Here we describe the design, 
methodology and light-regulated applications of the available photoswitches, classified 
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CHAPTER 3: Photochromic ligands for GABAA 
receptors  
 
This work is the result of a short stage granted by the Spanish Ministery within the FPI 
subprogram support EEBB-I-13-07742, carried out during 2013 (September-December 





In this chapter we will present an approach for the synthesis of different photochromic 
ligands (PCL's) for controlling GABAA protein channel activity with light. For this 
purpose, we aimed at combining a benzodiazepine scaffold, as the pharmacophore, with an 





The pentameric ligand-gated receptor family is a superfamily of receptors located at the 
postsynaptic cell membrane which shows both excitatory and inhibitory effects on the 
mammalian central nervous system (CNS).44 This superfamily includes nicotinic 
acetylcholine receptors (nAChr), serotonin receptors (5-HT3), γ-aminobutyric acid 
receptors (GABAA) and glycine receptors (GlyR).45 
The receptors of this family are organized by four different subunits such as α, β, γ and δ 
and have different stoichiometries. In heteromers, the neurotransmitter binding sites are 
usually located at the interface between α and β subunits and three conserved domains can 
be distinguished in this protein family.47, 48 Allosteric ligands are also bound in the same 
region, but to a different protein spot than the neurotransmitter (orthosteric ligand), for the 
regulation of receptor's activity. Benzodiazepines and the anesthetic propofol are allosteric 
modulators of GABAA receptors.48, 49 
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The receptors of γ-aminobutyric acid (GABAA and GABAC) and glycine (GlyRs) are 
chloride-selective channel proteins, and thus have an inhibitory effect on the neuronal 
activity in the central nervous system. They are important targets for anxiety treatment and 
anesthesia,1 and controlling their activity with light is attractive because it would allow the 
inhibition of neuronal tissue using designed spatiotemporal patterns, for example to 
functionally isolate specific neuronal circuits. This can be achieved with naturally light-
gated ion pumps like halorhodopsin or archaerhodopsin,103, 151 however they require 
continuous illumination, which is not convenient for certain applications.152 In principle, 
photoswitchable glycine or GABAA receptors with slow relaxation lifetimes could be 
stimulated with a short light pulse, allowing the inhibition of neurons in the dark. Tethered 
glycine or GABA receptor ligands are required to design PTLs of these receptors, but 
adding a tether reduces the affinity in the case of GABAA agonists.153 However, a 
photoswitchable antagonist inhibitor has been used to regulate GABAA receptors with 
light.38 Kramer et al. have developed a photoswitchable maleimide-azo-muscimol ligand 
(MAM-6) that conjugates covalently with cysteine introduced residues in the α1 subunit. 
Reversible interconversion between states occurs at 380 and 500 nm, modulating from the 
functional trans stable form to the inactive cis state, obtaining photocontrol over neuron 
excitation in response to presynaptic stimulation.154 
As an alternative to the orthosteric place, an allosteric binding site like that of propofol48, 49 
can be the target of photoswitch design. Two recent articles reported a PCL155 and a 
PTLs144 that potentiate GABA currents in a light-dependent fashion. A series of azo-
derived propofol ligands were developed and applied to α1β2/3γ2 heteropentamers. These 
compounds were active in trans and inactive in cis, but differ in photostability, therefore in 
their potential applications. The photochromic AP-2 ligand, synthesized using the classical 
diazo coupling, presented a red-shifted cis-isomerization (404 nm) and a fast trans 
restoration due to para-substituted electro-donating groups that decrease the cis thermal 
stability.155 The compound was tested in tadpoles where it controlled the anesthetic action 
of propofol using one wavelength.92 On the other hand, the PTL MPC088144 showed cis-
trans reversibility between 365 and 440 nm respectively, and allowed modulating GABA 
currents in retinal and cerebellar Purkinje neurons. Spatiotemporal control of neuronal 
spike rate was demonstrated using this allosteric PTL.  
The lack of crystal structures with the benzodiazepine allosteric ligands family bound to 
the receptor has delayed the development of light modulators providing this 
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pharmacophore. This is due to the non-selective drug action in each α subunit isoforms.156-
159  
In our approach for the synthesis of different PCLs for the GABAA ionic channel, we 





Among the variety of tranquilizers known, benzodiazepines are the most important group 
in the inhibition of neuronal transmission, thus the structure-activity relationship is well 
studied and characterized. The results reported an important effect on the activity of these 
molecules when possessing electron withdrawing groups at the position 2 of the benzyl 
ring (Figure 1).160 !
!!
Figure 1. Positive allosteric GABAA activator.  
!
Previous in vitro results obtained by PhD Peter Raster, at Regensburg University with 
diarylethene-based photochromic ligands (Figure 2) were not conclusive due to their poor 
solubility on cell culture conditions. Therefore, we aimed our research at the synthesis of a 
benzodiazepine family containing an azo group at position 2. It is important to note that 
azo group has already been widely applied onto biological systems to bestow light 
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Figure 2. Benzodiazepine-dithienylethene derivatives prepared by Peter Raster.162 
 
However, the aforementioned groups have associated both advantatges and disadvantatges. 
Azo compounds show the largest geometrical change when isomerizing but their 
photostationary states show rarely complete isomerization and the cis isomer thermally re-
isomerizes back to the more stable trans form. Dithienylethenes can be stable in both 
isomeric forms but the isomerization wavelenghts are shorter (UV shifted, between 310-
350 nm) and they switch the molecule between a flexible and a rigid conformation.5 
 
Although 2-azo-benzodiazepines have been reported in the literature, obtained from 
decomposition of Nitrazepam163 in a structure-activity study164 and in the azo-coupling with 
phenols,165 neither photochromic properties nor pharmacological activity of the 
corresponding photo-isomers have been investigated so far. We proposed the synthesis of 
three benzodiazepine derivatives 41-43 varying the R group, at position 2 of the benzyl 
ring, which displayed different solubility and photoisomerization properties (Figure 3) 


















R1 = , Cl
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Figure 3. Representation of the structures proposed PCLs !!
3.1–'Synthesis'of'the'azo'precursor'47'
!
The retrosynthetic strategy used for the synthesis of the different azo derivates 41-43 is 
depicted in Scheme 1. Interestingly, all desired products were obtained starting from the 
same commercially available benzophenone derivative 44. 
 
!!
Scheme 1. General retrosynthetic route for the synthesis of azo compounds. !
The reaction of benzophenone derivative 44, with chloroacetyl chloride in presence of 
triethylamine gave amide 45, which was transofrmed to 7-membered ring compound 46 by 
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yield was very low (only 14 % yield was obtained), the purification only required a 
crystallization with toluene and ethanol mixture. The last step for the formation of 47 
involves the reduction of nitro group of compound 46. The reduction step was performed 
using Iron in EtOH/HCl as a solvent mixture, giving rise the desired product 47 in a 
quantitative yield. Worthy of note, a previous hydrogenation using the catalytic Pd/C result 
in a complex mixture to separate where the imine group was partially reduced. 
 
!!
Scheme 2. a) Chloroacetyl chloride, Et3N, THF (18h. rt). b) Hexamethylenetetramine, NH4OAc in EtOH 





In the literature there are several methods to obtain azo functional groups from amines.13 
One of the most employed methods is the diazotization reaction which involves the direct 
formation of the diazonium salt by treatment of the amine with sodium nitrite in strong 
acid media. However, this method was discarded due to the fact that diazepine ring can be 
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Following the Mills reaction as the selected procedure, we need an amine acting as a 
nucleophile to attack a nitroso derivative in acetic acid media. Among several methods, 
using oxidazing agents131 or metals,134, 168 the simplest way to prepare a nitroso compound 
is using potassium peroxymonosulfate (oxone),135 also used in chapter 1 (see section 3.1.1) 
and 2  
 
 
Scheme 4. Strategy of the azo compound synthesis through the common 2-nitroso-benzodiazepine 
intermediate. 
 
At this point, two different possibilities for the nitroso derivative preparation appeared. 
One option (Scheme 4) was the reaction of 47 with oxone, but we obtained instead the 




Scheme 5. Strategy of the azo compound synthesis through 48-50 nitroso intermediate. 
 
The other alternative (Scheme 5) was the formation of nitroso compounds 48-50 which 
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Figure 4. Nitroso precursors for the azo coupling reaction. 
 
Compound 48 is a commercially available compound for its long storage stability. Worthy 
to note, this is a particular case of stable nitroso compound, due to the fact that its stability 
depends on the substituents and the position occupied in the ring.131, 135 Compound 49 was 
prepared from the tert-Butyl carbamate monoprotected p-aniline with oxone in 47% yield.  !
!!
Scheme 6. d) H2SO4 conc., H2O2 (30%) rt, overnight, e) NH4Cl, Zn in MeOH rt, 30 min., f) Na2Cr2O7, H2SO4 
(10%) at 0 ºC, 5 min.  
 
The third nitroso compound 50 (Figure 4) was obtained using a different strategy, to avoid 
the easy formation of the pyridine N-Oxide as a main product with oxone. The synthesis 
started by treatment of the available 4-amino pyridine 51 with strong oxidizing 
conditions,169 to give 52 in a 54% yield. Further reduction with metallic Zn and subsequent 
oxidation of the formed hydroxylamine with sodium dichromate allowed us to obtain the 
desired nitroso compound 50 (Scheme 6).170  
 
The coupling between nitroso compound 50 and precursor 47 gave rise a mixture of 
products. Experimental analysis showed no coincidence between the fractions isolated and 
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Important to note is that compound 55 (Figure 5) also attracted our interest as a potential 
PCL. Unfortunately, this compound was not able to be obtained due to the lack of ability to 
prepare the 2-nitrosobenzodiazepine 56 (Scheme 4). !
!!
Figure 5. Other PCL candidates !!
Also, an interesting reductive coupling protocol was carried out to obtain the symmetric 
55171 (Scheme 7), but instead, the reduced compound 47 was obtained (Scheme 7). 
Importantly, this method was a clean and selective reduction of a complex structure 
without the presence of metals, however a very similar procedure was reported recently in 
the literature.172 !
!!
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Compounds 41, 42 and 43 were synthesized, according to protocols described in the 
experimental part, in an overall yield of 11% and 7% for 41 and 43 respectively. This 
information is fully confirmed by the characterization data for compounds 41 and 43. 1H 
and 13C NMR data for compound 42 (signals at 1.56 and 28.64 ppm respectively), revealed 
the presence of a CH3, probably due to the incomplete deprotection of tert-Butoxy 
carbamate precursor, obtaining a mixture with 41 in a ratio of 3:1 (determined by 1H 
NMR). HRMS analysis confirmed the presence of structure 42. 
Photo-physical properties of compounds 41 and 43 differed from solubility and relaxation 
times, mainly showing a 390 - 410 nm range of cis to trans isomerization and around 500 
nm to recover back the trans state (Table 1). It is important to note that a more precise 
wavelength and relaxation time values can be determined using Flash-Photolysis 













λ cis! λ trans! λ cis! λ trans!
41 400 530 ≅390-410 ≅500 hours no 20330 





Table 1. Physical properties for azo compounds 41 and 43. a = Buffer was prepared according to protocol 
described by Sigel, E., in The Journal of Physiology 386, 73-90 (1987), for in-vitro assay conditions. τ and ε 
determined in organic solvents. Laser scattering observed in buffer conditions. Isomerization, relaxation and 
laser scattering experiments of compounds 41 and 43 were at [30 µM], otherwise noted. !
All switches in buffer solution173 behave as a fast chromophores, relaxing before the 
measurement took place (τ < few seconds). Regarding stability issues in organic solvents, 
compound 41 exhibited slow relaxation times (hours in THF), therefore obtaining the two 
distinct isomer spectra with the corresponding isosbestic points when overlapped.174 This is 
not the case of compound 43, where nearly all the molecules are in the trans form after UV 
irradiation. This was confirmed by determination of τ showing a value of few seconds in 
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THF. For compound 42 we can only conclude an increased solubility character due to the 
partial carbamate deprotection.  
Other irradiation experiments at a shorter wavelenght (312 nm and 30 µM concentration) 
for all the compounds  flanked by an azo group, revealed a photolytic tendency; 43 > 41 > 
42 in physiological conditions. Compound 43 was completely degraded after 15 min of 
irradiation. Photolysis was also observed in substance 41, although 10% of bleaching was 
observed after 60 min. However, for compound 42 (containing 41) any photolysis was 






• A photochromic derivative of benzodiazepine, compound 47 was prepared using a 
three steps sequence from commercially available benzophenone 44 in 14% yield. 
 
• We designed a convergent approach to synthesize benzodiazepine-PCLs bearing an 
azo group for the photomodulation of GABAA receptors. Two analogues were 
synthesized (41 and 43) from precursor 47 following this strategy. 
 
• The PCLs 41 and 43 were obtained and characterized with different solubility 
properties and similar isomerization wavelenghts, showing fast relaxation in 
physiological conditions.  They are ready to be tested in vitro.  
 
• Compound 42 was not pure enough and it was isolated as a mixture of 41 (ratio 3:1 
respectively, determined by 1H NMR). The partial free amine in position 4 respect 
to the azo group, gave an increased solubility character in physiological conditions 
to the PCL. Other deprotection conditions or methods should be tried in order to 
obtain the compound 42 pure.!!
'
'
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All reagents were obtained from commercial sources. Unless otherwise noted, solvents 
(analytical grade) were purchased from commercial suppliers and used without further 
purification. Melting points were obtained using a Lambda Photometrics Optimelt 
MPA100 apparatus (Lambda Photometrics, Harpenden, UK), and are not corrected. IR 
spectra were obtained using a Varian Biorad FT-IR Excalibur FTS 3000 spectrometer. 1H 
NMR spectra were recorded at 400 and 600 MHz and 13C NMR spectra were recorded at 
100 MHz and 150 MHz on a Bruker Avance 400 spectrometer and Bruker Avance III 
Br600 with a cryogenic probe head (Bruker, Karlsruhe, Germany). The NMR spectra 
were recorded in CDCl3, DMSO, THF and CD3OD as solvents and chemical shifts are 
reported in ppm. The following abbreviations are used: J as a coupling constant reported in 
Hz. s: singlet, brs: broad singlet, d: doublet, dd: double doublet, t: triplet, dt: doublet of 
triplets, tt: triplet of triplets q: quadruplet, qt: quintuplet, m: multiplet. UV/Vis spectra 
were recorded using a Varian Cary BIO 50 UV/Vis/NIR spectrophotometer (Varian Inc., 
CA, USA). Mass spectra were obtained using Finnigan SSQ 710A (EI), Finnigan MAT 
95 (CI) or Finnigan MAT TSQ 7000 (Thermo  FINNIGAN, USA) (ES/LC–MS) 
instrumentation. Thin layer chromatography (TLC) was performed on alumina plates 
coated with silica gel (Merck silica gel 60 F245, thickness 0.2 mm). Column 
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N-(2-Benzoyl-4-nitrophenyl)-2-chloroacetamide (45). Benzophenone derivative 44 (1.9 
g, 7.84 mmol) and triethylamine (1.2 mL, 8.58 mmol) were dissolved in THF (50 mL). 
After stirring 30 min., the yellow solution was cooled down to 0°C and chloroacetyl 
chloride (1.28 mL, 16.38 mmol) was added dropwise. The clear solution became cloudy 
and the reaction mixture was stirred at room temperature for 18 h. The solid was filtered 
and obtained quantitatively (2.49 g) without further purification, as a pale beige powder. 
mp: 171-173 ºC. Rf: 0.4 (Hexane/EtOAc 2:1). IR (ATR): 3219, 2362, 1686, 1641, 1583, 
1547, 1507, 1446, 1414, 1326, 1262, 1226, 1093 cm-1. 1H NMR (400 MHz, CDCl3): δ 
11.91 (s, 1H), 8.91 (d, J = 9.1 Hz, 1H), 8.52 (d, J = 2.4 Hz, 1H), 8.45 (dd, J = 9.1, 2.4 Hz, 
1H), 7.77−7.72 (m, 2H), 7.69 (tt, J = 1.3, 7.5 Hz, 1H), 7.59−7.53 (m, 2H), 4.25 (s, 2H). 13C 
NMR (100 MHz, CDCl3): δ 197.6, 166.1, 144.7, 142.3, 137.2, 133.8, 130.1, 129.0, 128.8, 
123.7, 121.8, 43.2. HRMS calculated for C15H11N2O4Cl: 319.0480 [M+H]+. Found: 
319.0481.  
 
7-Nitro-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one (46). A suspension of 
benzophenone-derivative 45 (3.92 g, 12.3 mmol) and hexamethylenetetramine (3.71 g, 
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26.43 mmol) was added and the temperature was increased to reflux (turned into a clear 
red-brownish solution) and stirred for 17 h. The mixture was allowed to cool down to room 
temperature, water (300 mL) was added and the product was extracted with EtOAc (2 × 
300 mL). The combined organic layers were dried over anhydrous Na2SO4, filtered and 
evaporated. The product was purified by recrystallization with toluene and ethanol (3-5 
drops of ethanol for each 100 mL of toluene) to obtain pure product 46 (484 mg) in 14% 
yield as yellow fine particles. mp: 335 ºC decomp. Rf: 0.3 (Hexane/EtOAc 1:1) IR (ATR): 
3489, 3347, 2848, 2360, 1657, 1579, 1525, 1481, 1398, 1323, 1282, 1081 cm-1. 1H NMR 
(400 MHz,  DMSO−d6): δ 12.58 (s, 1H), 8.04 (dd, J = 2.6, 8.9 Hz,1H), 7.67 (d, J = 2.3 Hz, 
1H), 7.65−7.69 (m, 2H), 7.56−7.52 (m, 1H), 7.43 (d, J = 8.9 Hz, 1H), 7.39−7.34 (m, 2H), 
5.21 (s, 2H,). 13C NMR (100 MHz DMSO−d6): δ 157.9, 141.9, 136.4, 135.7, 133.8, 129.8, 
129.6, 128.4, 121.8, 119.3, 118.2, 116.8, 115.8. HRMS calculated for C15H12N3O3: 
282.0873 [M+H]+. Found: 282.0874. 
 
7-Amino-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one (47). Iron powder (200 
mg, 3.52 mmol) and aqueous HCl solution (0.18 M, 0.27 mL) were added to a previously 
dissolved nitrazepam 46 (100 mg, 0.35 mmol) in ethanol (1.08 mL) and the mixture was 
heated to reflux (bath temperature: 90°C) and stirred for 2.5 h. The reaction progress was 
monitored by TLC. The solution was filtered through Celite® (to remove iron particles). 
The solvent was evaporated under reduced pressure afterwards to obtain pure product 47 
(88 mg, quantitative) as a brown syrup. mp: 356 ºC. Rf: 0.15 (100% EtOAc). IR (ATR): 
3437, 3340, 2972, 2861, 1651, 1567, 1503, 1429, 1393, 1304, 1236 cm-1. 1H NMR (400 
MHz, DMSO−d6,): δ 11.60 (s, 1H), 7.59−7.52 (m, 2H), 7.45 (dt, J = 1.2, 7.6 Hz, 1H), 
7.30−7.25 (m, 2H), 7.00 (d, J = 8.5 Hz, 1H), 6.52 (dd, J = 2.4, 8.5 Hz, 1H), 6.05 (d, J = 2.4 
Hz, 1H), 4.73 (s, 2H), 4.55 (s, 2H). 13C NMR (100 MHz, DMSO-d6): δ 156.7, 143.5, 
135.6, 133.8, 129.7, 129.3, 127.6, 123.9, 122.5, 118.6, 115.6, 113.6, 105.9. HRMS 
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tert-Butyl(4-nitrosophenyl)carbamate (49). See supporting information of chapter 1, 
section 5.2.1, compound (4) for the experimental data description.  
 
5-Phenyl-7-(phenyldiazenyl)-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one (43). To a 
flask containing 48 (17 mg 0.156 mmol), acetic acid (1 mL) and the precursor 47 (33 mg 
0.131 mmol) were added  and the reaction mixture stirred at room temperature for 5 days. 
After neutralization with a saturated aqueous NaHCO3 solution (13 mL), the mixture was 
diluted with EtOAc (15 mL) and the resulting layers were separated. The aqueous layer 
was extracted with EA (3 × 10 mL) and the combined organic layers were washed with 
water (3 × 50 mL) and brine (3 × 50 mL). The organic layer was dried over anhydrous 
Na2SO4, filtered and concentrated in vacuo. Purification by column chromatography (from 
1:1 Hexane/EtOAc to 9:1 EtOAc/MeOH) afforded the pure compound 43 (22 mg, 51%) as 
an orange solid. mp: 250.1°C. Rf: 0.7 (100% EtOAc). IR (ATR): 3472, 3339, 2965, 2922, 
2854, 2358, 1740, 1651, 1578, 1576, 1397, 1159, 1057 cm-1. 1H NMR (600 MHz, 
THF−d8) δ 11.21 (s, 1H), 7.80−7.75 (m, 3H), 7.63 (d, J = 2.0 Hz, 1H), 7.61−7.56 (m, 2H), 
7.47 (tt, J = 1.2, 7.6 Hz, 1H), 7.44−7.41 (m, 4H,), 7.39 (tt, J = 1.2, 7.6 Hz, 1H) 7.28 (d, J = 
8.6, 1H), 4.86–4.77 (m, 2H). 13C NMR (150 MHz, THF−d8) δ 159.0, 155.6, 153.8, 148.8, 
136.5, 136.3, 135.9, 131.3, 131.1, 130.4, 129.8, 128.9, 123.5, 123.3, 119.3, 117.2, 116.3. 
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yl)diazenyl)phenyl)carbamate (41). To a flask containing 49 (35 mg 0.158 mmol), acetic 
acid (1 mL), the precursor 47 (33 mg 0.131 mmol) were added and the reaction mixture 
was stirred at room temperature for 4 days. After neutralization with saturated aqueous 
NaHCO3 solution (13 mL), the mixture was diluted with EtOAc (15 mL) and the resulting 
layers were separated. The aqueous layer was extracted with EtOAc (3 × 10 mL) and the 
combined organic layers were washed with water (3 × 50 mL) and brine (3 × 50 mL). The 
organic layer was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 
Purification by column chromatography (from 1:1 Hexane/EtOAc to 9:1 EtOAc/MeOH) 
afforded 41 (47 mg, 78%) as a shiny orange solid. mp: 256.1 °C. Rf: 0.5 (100% EtOAc). 
IR (ATR): 3353, 2964, 2934, 2868, 2358, 2338, 1718, 1654, 1594, 1568, 1532, 1406, 
1366, 1303, 1234, 1155, 1052 cm-1. 1H NMR (600 MHz, THF−d8): δ 11.31 (s, 1H), 8.74 
(s, 1H), 7.77–7.71 (m, 3H) 7.61–7.53 (m, 5H), 7.47 (dt, J = 1.3, 7.5 Hz, 1H), 7.45−7.42 
(m, 2H), 7.28 (d, J = 8.7 Hz, 1H), 4.85 (s, 2H), 1.50 (s, 9H). 13C NMR (150 MHz, 
THF−d8): δ 157.6, 152.0, 147.5, 147.3, 142.0, 136.8, 135.1, 134.6, 133.9, 129.6, 128.9, 
127.4, 123.0, 122.1, 121.3, 117.2, 115.7, 114.8, 78.8, 27.2. HRMS calculated for 
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Both compounds are reported together as a mixture (ratio 1:3 as determined by NMR). 
4-((2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepin-7-yl)diazenyl) benzenaminium 
chloride (42) 
To a flask containing 41 (24 mg, 1.12 mmol) was added a freshly prepared solution of HCl 
in EtOAc (2.17 M, 0.5 mL). At this moment, we observe a colour change from orange to 
strong purple. After 1 hour stirring, an argon flow passed through the solution to remove 
all HCl and the mixture was concentrated. The resulting purple solid was triturated with 
ethyl ether (3 × 5 mL) and filtered, to yield a mixture of 42 and 41 (12 mg, 57% for 42) as 
a dark fine particles. mp: 251.6°C. Rf: 0.45 (Hexane/EtOAc 1:1). IR (ATR): 3356, 2826, 
2364, 1656, 1578, 1526, 1499, 1367,1236, 1163 cm-1. 1H NMR (600 MHz, MeOD) δ 
7.91–7.86 (m, 2H), 7.82 (dd, J = 2.14, 8.76 Hz, 1H), 7.66–7.61 (m, 2H), 7.56 (d, J = 2.14 
Hz, 2H) 7.44–7.41 (m, 3H), 7.37 (d, J = 8.76 Hz, 2H), 1.5 (s, 3H. minor compound). 13C-
NMR (150 MHz, MeOD) δ 160.0, 154.9, 150.7, 135.7, 130.9, 130.8, 129.7, 126.5, 124.6, 
123.9, 122.3, 118.5, 117.5, 28.6 (minor compound). HRMS calculated for C21H18N5O: 
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This section, adapted as introductory part II, is an overview of light-modulated enzymes 
using synthetic switches. The classification has been done cronologically by families with 
EC number nomenclature, that stands for Enzyme Comission, and represent the arbitrarily 
assigned class, and sub-classes number respectively.175 As with ion channels, the main 






Lyases are a family  of enzymes  responsible for the cleavage or formation of C-C or C-X 
bonds, (where X is an heteroatom) through other reactions than hydrolysis or oxidation. An 
example is carbonic anhydrase (EC 4.2.1.1), a metalloenzyme that catalyzes the reversible 
reaction between carbon dioxide and water to give bicarbonate, responsible for CO2 
transport and pH regulation.176 Glaucoma, epilepsy or cancer are related pathological 
diseases associated to dysfunction of this enzyme. Regulation using pharmacological 
inhibitors has not been always successful due to its rather spread localization in 
tissues/organs and the lack of drug specificity towards 16 isoforms existing in 
mammals.176-179 
 
Due to its importance, the actvity of carbonic anhydrase I and II has been controlled with 
light using several approaches. 
Harvey et al. reported a PTL that hinders the inhibition in the cis state increasing 2 fold the 
activity with respect to the trans state. This PTL has an epoxy tail for conjugation, a light 
sensitive azobenzene moiety for light controlled interconversion within states and a 
sulfanilamine head that interacts with the catalytically active zinc site of the enzyme type 
II. 
The ligand conjugation occurs close to the receptor, by affinity labeling avoiding 
exogenous manipulation, where the epoxy group reacts with the histidine residues 2 or 3.180 
Irradiation with 380 and 460 nm allows reversible isomerization of the molecule during 4 
cycles showed by colorimetric experiments using PNPA (p–nitrophenyl acetate) as a 
substrate.34 
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Using a different strategy to photocontrol carbonic anhidrase I, the group of König used a 
1,2–dithienylethene scaffold to change the flexibility of the molecule upon light 
irradiation, obtaining an inhibition decrease of about two orders of magnitude. The central 
scaffold of the switch was derivatized with a sulfanilamine, inhibitting the active center as 
with the previous PTL and the other arm, with Cu (II) iminodiacetic acid (Cu (ida) 
complex), acting as an assistance group. This complex interactions causes a sulfanilamine 
undocking from the catalytic site in the rigid closed state with a ki = 0.3 μM. Otherwise, 
the open state shows and ki = 0.005 μM, due to a flexibility increase of the switch. 
Interconversion between states was achieved only by 312 nm (closed) and >420 nm (open) 
irradiation repeating the cycles 7 times without bleaching.181 An Extension to other 
carbonic anhydrases II, IX, XII and XIV due to the best results obtained for I gave no 
better results, demonstrating the big differences between enzymatic isoforms and the 




The transferases type enzymes are involved in bisubstrate reactions in which a specific 
functional group is transferred from one substrate to the other.183 Among this family, 
spleen tyrosine kinase (Syk) (EC 2.7.10.2) has aroused the interest of researchers as a 
target for potential anti–allergic therapy because it plays an essential role in 
inmunoreceptor (IgE) pathway signaling which leads to mast cell degranulation manifested 
as urticarian disease.184, 185 
A photo–controlled tool was developed towards Syk, to study the possibility of 
instantanously switch intracellular processes on and off with light.186  Azo–ITAM 
candidate was developed bearing an azobenzene as the central core of about 12 Å 
(extended trans state). The ligand–enzyme interactions were studied by real time surface 
plasmon ressonance (SPR) technique for the first time, revealing 10 fold times difference 
in binding affinities between cis and trans isomers (trans kD = 65 uM, cis kD = 860 uM) 
reaching a 66 % cis PSS upon 366 nm light recovering back the trans state after visible 
irradiation. Soon after, different extends of the same switch were synthesized varying the 
central core lenght from 12 to 30.2 Å. Azo–ITAM with 18.6 Å, showed the largest 
differerence in affinity between the two isomers (100 fold times) being stronger in trans.187 
'
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Isomerases belong to a general class of enzymes which interconverts the spatial position or 
connectivity of an atom or functional group mantaining the same molecular formula 
between the substrate and the product. Among them, crucial transformations can be found, 
related either to prokaryotic or eukaryotic metabolism processes in living systems, but so 
far only an intramolecular oxidoreductase isomerization reaction has been modulated with 
light. In this work, the activity of the metabolic branch–point enzyme PriA from 
Mycobacterium tuberculosis (mtPriA) (EC 5.3.1.16) can be controlled reversibly, based on 
the dithienylethene bis–orthophosphate C2 – symmetric scaffold. Switching from the 
flexible, ring–open to the rigid, ring–closed isomer reduces inhibition activity  by one 
order of magnitude (from 4,4 to 0.5 μM realtive to ki) with 312 and >420 nm light 
respectively (synthetically analogous to the publication by König et al. showed above on 
Lyases.188 Those results are specially valuable for the development of anti–tuberculosis 
drugs, as a result of modulating reversibly the biosynthesis of tryphtophan and histidine 




This protein family catalyse the exchange of electrons between two species from a donor, 
oxidizing itself to an acceptor being reduced. This family is divided in 13 subclasses where 
only the light sensitzed enzymes–type will be highlighted herein despite the importance of 
other oxidoreductase transformations. Light modulated enzymes comprise oxidoreductase,8 
peroxidase191 and NADH deshydrogenase192, 193 subfamilies, where the reductant is an 
alcohol, glucose and NADH respectively. Some applications were directed towards the 
development of enzymatic glucose biosensors for diabetes194, 195 as a tool for 
neurobiologists to mark neurons196 and ELISA (enzyme inmunoassay) colorimetric tests.  
Among oxidorreductases, alcohol deshydrogenase was the first to be photocontrolled in 
1994 by the group of Sisido. They were able to modulate the synthesis of aldehyde by 
using a synthetic NAD+ cofactor linked with an azobenzene moiety, which binds to an 
antibody in the trans form but not in cis. In this way, the system was blocked using visible 
light and activity – restored in a 72 % upon UV light irradiation.192 
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Willner, et al., one year after, showed an approach to control by light glucose oxidase 
(GOD, EC 1.1.3.4) oxidoreductase electron–transfer communication between redox–
proteins and electrodes. GOD was attached by nitrospiropyran (40% effective attachement) 
and assembled as monolayer on a Au–electrode, acting as a supported biocatalyst for 
oxidation of the substrate and for the stimulation of an electrocatalytic anodic current. 
Upon 320–380 nm irradiation, the merocyanine state caused a half decrease in GOD 
activity. The closed spiro form didn't recover the full enzymatic performance  with >475 
nm wavelenght, caused by UV damage. This photoresponsive support provide an 
approximation for the amperometric transduction and amplification of recorded optical 
signals by means of a bio–electronic combination.8 
Following with the use of spiropyran as a nanotool to photo–modulate oxidoreductases, an 
study with horseradish peroxidase (EC 1.11.1.7) presented the highest activity change at 
that time, reporting a 92% reduction in enzyme activity under visible illumination 
compared to UV illumination.  
They prepared an acid terminated spiropyran derivative, covalently attached to all 
enzymatic lysine residues using a carbodiimide amidation agent (EDC). After incubation, 
spectroscopic studies confirm a complete accessible lysine labelling of 1:9 
enzyme:molecule rate. Activity tests concluded that only a small fraction of the conjugated 
photochromic molecules are photo–switched to cause the reduced enzymatic activity. The 
dyes might influence in the activity via local hydrophobic/hydrophilic active site 
interaction.191 
Later on, in 2006, Fujita et al. published a study with a photoresponsive inhibitor  of 
Mitocondrial NADH ubiquinone oxidoreductase complex I (EC 1.6.5.3). They prepared an 
azo–Δlac–acetogenin derivate, with two azo groups in one molecule, highly active in tran–
trans form (IC50 = 0.83 nM). The inhibition could not be reverted extensively due to the 
low photostationary state of the cis–cis isomer after 370 nm irradiation.  Those results are 
valid to study the mechanistic changes in complex I closely associated with the 
mitochondrial respiratory system such as superoxide production and transport of various 
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Hydrolytic enzymes assist the cleavage of organic bonds by the use of water. Despite 
mediating a wide range of relevant biological-related hydrolysis, herein we only report the 
light-modulated ones. Among them we find estearses, ureases, glycosidases, proteases, 
carboxylic ester hydrolases and lipases. 
 
5.1–'Estearases'
Estearases are hydrolytic enzymes involved in the cleavage of ester bonds to give an 
alcohol and an acid as a reaction products. Among them, acetylcholinesterase (AChE), that 
belongs to acetylesterase subfamily (EC 3.1.1.6) is responsible for the splitting of 
acethylcholine neurotransmitter, found mainly at neuromuscular junctions and brain 
synapses mediating synaptic transmission.197, 198 
Forty years ago, some approaches to photosensitize AChE for its biological relevance, 
gave rise to the first light–nanoengineered nicotininc acetylcholine receptor and the first 
PTL51 at the same time, able to control nAChR currents reversibly with millisecond light 
pulses.54, 199, 200 
In the first approaches developed to photomodulate AChE activity, Erlanger group 
synthesized a series of photochromic reversible inhibitors analogous to phenyl–
trimethylammonium chloride.201 With the incorporation of an azobenzene group (p–
phenylazophenyltrimethylammonium chloride), both isomers acted as inhibitors being the 
trans isomer more potent with no more than 20% difference switching between reversible 
states with 320 and 420 nm light.202 A following study with N–p–phenylazo–
phenylcarbamyl choline chloride switch and the possible role in photoregulation of the 
electric eel electroplax with sunlight,203 led to the first biologically relevant photochromic 
actuators. This study used the azo compounds described herein to photoregulate the 
electric potential difference across the excitable membrane of about 20–30 mV from 
electroplax cells.204 
Forty years after, with the advanced biological and synthetical techniques available, the 
group of Trauner reported a tacrine structure based azo–switch (azo–THA) that modulates 
the neurotransmission by means of controlling optically AChE removing the 
neurotransmitter from the active zone. The switch is a photochromic ligand showing an 
inhibition upon blue light illumination (440 nm) that is 83 % higher than in the cis state 
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(350 nm), having only a small reduction in activity upon 5 irradiation cycles. Direct 
biological aplications  showed a light–dependent effect on AChE kinetics in mouse trachea 
preparations with enanced characteristics compared to physostigmine.205  
 
5.2'Ureases'
Urease enzymes are responsible for the hydrolytic conversion of urea to bicarbonate and 
ammonium cation products. Direct applications in fast urease tests has been developed (as 
Campylobacter–like organism test) to detect the presence of urinary and gastrointestinal 
tract pathogens.206 
Among ureases (EC 3.5.1), their activity has been controlled with light by inmobilization 
onto photoresponsive spiropyran–based biocatalysts reported by Suzuki.9-11 Despite of 
having different inmobilization protocols, the results obtained after UV irradiation are 
nearly the same, showing 2 times more activity (referred to kcat value) than after irradiation 
with 330 nm. Those results are in accordance to the change of the hydrophobicity that 
occurs from spiro to mero state, changing the affinity of the enzyme–substrate 
intermediate.9-11 
But not only heterogenous light–sensitive biocatalysts urease–based have been developed. 
Recently, Korbus et al.207 publised a reversible control of hystone bacterial deacetylase 
with azobenzenes through cysteine expression. Three variants were selected (M30C, S20C, 
M150C) showing the best light modulation responses after covalent conjugation with an 
azobenzene–maleimide linked reactive tail in the position 4 (4–PAM). Specially, position 
M30C present 50 % of activation in cis but not complete inactivation reverting back to 
trans, limitting possible applications. However, this position present a long–lived cis state 
of about 30 hours, attractive towards applicability due to avoidance of continous UV 
illumination causing photobleaching 
 
5.3'Glycosidases'
Those enzymes type catalyses the hydrolysis of α–glycosidic bonds in plants and humans, 
to obtain energy (glucose) from the ingested starch (found mainly in rice or potatoes) 
containing carbohydrates.183 
In the study reported  with ureases by Aizawa et al., (see section 5.2) it was also analysed 
the effect of β–glucosidase (EC 3.2.1.21) and α, β–amylases (EC 3.2.1.1, EC 3.2.1.2) 
conjugated with spyropiran anhydride reactive group. The influence of the open charged or 
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closed hydrophobic environment driven by light changes into linked spyro, cause a km 
decrease for hydrophilic catalytic pocket in the mero state for polar substrates and a km 
increase upon irradiation. This results reveal an strong influence of the spiro state 
interacting with the enzyme – substrate complex during the catalysis.10 
 
5.4'Proteases'
 Cysteine Proteases 
 
This subfamily encompasses the enzymes that degradate proteins by using a thiol to 
produce the catalysis in the active site. Among them, Papain or Calpain that are found in 
papayan fruit and in humans respectively, mediating several important physiological 
processes as cell motility, long-term potentiation in neurons, skeletal muscle breakdown, 
etc. and associated with cellular damage diseases as stroke, cataracts, among others.208-211 
Willner et al. was the first to photo–sensitize the cys protease family with papain enzyme. 
They generated a serie of three azobenzene–substituted switches, with carboxylic acid 
group in benzene ring positions 2, 3 and 4, anchored to the enzyme through lysine residues 
by amidation reaction. The activities of the modified enzymes relative to native papain 
were lower and the extent of loading by the 4–carboxyazobenzene molecule had been 
determined, as 4.6 dye molecules per enzyme. Despite lowering enzymatic activity, this 
approach showed the highest hydrolytic difference rate between isomers, with 2.75 times 
increased activity in trans. The optical modulation was performed with 320 and >400 nm. 
They also observed a decrease in activity after several cycles, using a supported alginate 
beads version.212 Shortly after was presented the photoresponsive polymeric version 
showing very similar results to the above described.213 
Following those interesting results with papain, the group of Smith used a slightly different 
strategy to control cys and serine proteases taking advantage of their unique catalytic 
pocket. With papain, an azobenzene bearing a tail aldehyde was synthesised to allow a 
labile linkage with the catalytic cysteine. The trans isomer acted as a potent papain 
inhibitor (ki = 2.1 μM) while, after irradiation between 330 and 370 nm, the inhibition was 
40 times weaker, with an observed 83 % of the cis isomer in the photostationary state 
mixture. Irradiation with >400 nm reverts back the initial trans inhibition.214  
In 2007, an extension of this strategy to m–Calpain enzyme was presented for the 
development of therapeutic anticataract agents, due to the important role on the protein 
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decomposition of crystalline lens. An structure-based diazodipeptide aldehyde and 
sulfanamide triazene ligand series were attached into S3 catalytic pocket site. Significant 
optical inhibition was achieved with a potent trans-enriched (4.8 trans : 1 cis) azo–
aldehyde having an IC50 value of 45 nM. Irradiation with 340 nm reduced the potency until 
IC50 = 175 nM (nearly 4 times) with a major cis mixture (1 trans : 4.3 cis), proved to be 
significantly less active.215 
 
 Serine Proteases 
 
As cysteine proteases, serine proteases are enzymes that catalyse the cleavage of proteic 
amide bonds but using an alcohol instead of a thiol to initiate the process in the catalytic 
triad. They can be found either in eukaryotic systems with trypsin–like active site structure 
and in prokaryotic cells with subtilisin–like architecture, evolutionary convergent, not 
sharing common ancestors.183, 216, 217 
This subfamily is the most extensively used for photocontrol with synthetic switches either 
inmobilized or in solution. The first serine proteases–like activity photomodulation was 
done by Erlanger et al., less than forty years ago. They synthesized the PTL bis–quaternary 
ammonium azobenezene dibromide and covalently attached to the catalytic site of 
chimotrypsin. An observed 4 times increase in the turnover number (kcat) in trans form 
compared to the unmodified enzyme. Irradiation with 330 nm (80% cis PSS) caused a half 
decrease in kcat respect to the trans isomer.218 
One year later, a comparative study of the photocontrol of activity between ureases, 
glycosidases (see section 5.2 & 5.3 respectively) and chymotrypsin was performed using a 
synthetic spyropiran. The results revealed optical activity modulation of all covalently 
modified enzymes. Specifically, α–chymotripsin, having the most hydrophobic catalytic 
pocket, with this kind of substrates, showed a smaller km (4.3 mM) in the spyro state than 
in the merocyanine isomer (km = 15 mM) upon UV irradiation, indicating the stabilized 
enzyme–substrate interactions for the hydrophobic closed spyropiran state.10  
More than ten years passed until a photoresponsive material was constructed. α–
chymotrypsin was immobilized in acrylamide copolymer which contained a 
photoisomerizable azo group showing reversible permeabilities upon isomerization at 330–
370 nm and >400 nm. The hydrolytic activity of α–chymotripsin with nitroanilide–peptide  
substrate was two times increased in cis and paused in trans. It was observed that the 
switching efficiency and the hydrolytic activity of α–chymotrypsin was strongly dependent 
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on the loading degree of the polymer and the substrate used respectively.219 Further 
permeability studies were carried out, including a spyropiran and leucohydroxide switches 
to compare by light, its dipolar moment variation effect. A pronounced increase in fatigue 
resistance was observed on those photoresponsive materials.220 
From then, a series of optical α–chymotrypsin inhibitors were developed. All of them 
acted as PTL, with azobenzene as the light sensitive actuator. The first, was a boronic acid 
derivate, showing a 4 times trans more potent inhibition (kitrans = 11 μM) than in the cis 
state (kicis = 43 μM with 80% PSS). This difference could be increased or reduced 
depending on the additives used. Assays with subtilisin, revealed an strong additive 
dependence, without evidence of light modulation inhibition.214 Later it was proven certain 
decomposition for boronate esters derivates with UV irradiation of several durations, 
presenting different activities and reversed reponses in some cases.221 After boronate 
derivatives, three α–keto esters candidates were tested (ortho-, meta-, para- α–ketoester)  
showing more potency in cis than in trans isomer. The optical difference in strenght of 
inhibition ranged from 2 to 3 times upon irradiation, caused by the ortho–substituted dye at 
most.221, 222 Changing the α–ketoester group for trifluoromethylketone gave the best result 
controlling the inhibition of chymotrypsin optically. UV irradiation exhibit nearly five 
times more potency for 4–sulfonamido–4’–bromoazobenzene than after visible light.223 
With those results in hand, an inmobilized version was developed, onto a gold surface 
attaching the ligands by CuAAC (Cu (I) Azide–Alkyne Cycloaddition) reaction.224 A 
combination of trifluoromethylketones and methylketones were synthesized and attached. 
The heterogenous catalyst was analysed, showing up to 3 times better inhibition for cis 
methylketones and 5.3 times for cis poliethylene glycol trifluoromethylketone derivates, 
obtaining indeed slighly better results than the homogenous version.225 
Among photo–sensitized serine proteases, a wide variety of photoswitches have been 
developed and tested in order to photocontrol either hydrolytic activity or inhibition in the 
active site. Each corresponding heterogenous version was developed and optimized. 
Quaternary ammonium dibromide azo derivative allowed the highest photocontrol of 
hydrolytic chymotrypsin rate, being the first attempt, more than 40 years ago. For enzyme 
inhibition a list of aldehydes, boronates, α–methylketones and trifluromethylketones were 
tested reaching a higher optical enzymatic inhibition with trifluoromethylketone moiety, as 
shown in the inmobilized version, for promising bio assay applications.10, 214, 218-225 
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These proteins, previously called cholesterol estearase enzymes, are responsible for the 
lipolytic  cleavage  to give a carboxylate and alcohol as the products. They are found 
normally in the mammalian liver and in the gastrointestinal tract, taking part in the 
degradation process of toxins or drugs and in the digestion and absortion of lipid and 
nutrients  respectively.226, 227 
30 years ago, Ueda et al. published a study towards an optical control of phospholipase A2 
(EC 3.1.1.4) with a substituted tripeptide sequence by unnatural aminoacids, pending an 
azobenzene (AzoF–AMPA). They observed a loss of hydrolytic activity in trans and a 
partial recovery upon UV irradiation. Unlike with photoresponsive endonucleases, 
synthetic photoswitches, have not been explored with carboxylic estearases, which might 
solve some drawbacks inherent about genetic engineering techniques and allow the 
development of therapeutic applications. 
 
5.6'Endonucleases'
They belong to the hydrolytic enzyme family that cleave the phophodiester bond of DNA 
sequences. The cleavage can be random or site-specific, mediated by the so-called 
restriction enzymes, that recognizes the methylated position where it starts. According to 
the mechanism of action, they are divided in Type I, II and III, wich Type II (EC 3.1.21.4), 
are particularly useful in the laboratory to generate recombinant DNA for genetic 
modifications into bacteria, plants or animal cells.183, 228 
Early attempts at photocontrolling endonucleases took advantage of unnatural aminoacids. 
Genetic engineering techniques allowed the introduction of synthetic 
phenylazophenylalanine aminoacid into Ribonuclease S (RNaseS) but rather modest 
activity changes were observed.229-231 However, only recent synthetic photoswitches were 
significantly successful for the same purpose.  
Homodimeric restriction enzyme PvuII was cysteine–crosslinked by bismaleimide azo 
switch in between faces, in attachment positions T49C and N62C. Light irradiation with 
365 – 470 nm, allowed complete cis – trans isomerization respectively, showing a 16 fold 
increase in hydrolytic activity. Those results are directed towards the investigation of other 
DNA recognition modules, including zinc fingers, for in vivo gene targeting.232 
One year after a similar approach came up using the same azo bis–maleimide switch but 
mono–derivatized with 2–mercaptoethanol (MAB–OH) and cysteine (MAB–cys), applied 
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into SsoII restriction enzyme. They presented a molecular gate strategy where two 
molecules of the same derivative were attached in the homodimer interface positions 
R174C/A224C for MAB–OH and S171C/S171C for MAB–cys, in the presence of Ni2+ 
ions. 365 nm light irradiation opened the nano–gate increasing two fold the enzymatic 
activity rate and reverted with blue light.233 
In between the first and the second successful approaches, a supported version appeared in 
2002. The photoresponsive polymers thus serve as actuators that reversibly respond to 
distinct optical signals to switch the polymer–enzyme aggregates on and off. Two 
successful azobenzene containing polymers were synthesized (DMAAm and DMAA) by 
free radical copolymerization. UV irradiation (350 nm) causes a polymer collapse, 
blocking the substrate acces to endonuclease 12A nearly complete. Its extended state (420 
nm irradiation) results in enzymatic activity recovering, but losing 40% from the previous 
irradiation cycle. Despite the losse in the performance, the polymer switching is very 
robust and reversible, being attractive in a wide variety of applications as microfluidics, 
drug encapsulation therapeutics, etc.234 
 
5.7'Lipases'
Enzymatic lipases hydrolyse a fatty acid into neutral acid and alcohol group similar to the 
products obtained with carboxyl estearases. They have been extensively applied to 
chemical processes, from laboratories to industrial plants.235 
The photocontrol of the hydrolytic activity of lipases has been achieved for the first time as 
a result of this thesis. In particular, the optical control of lipase enantioselectivity was 
demonstrated in supported agarose beads. Using genetic techniques, different cysteine 
point mutations close to the active center were introduced and conjugated with maleimide–
reactive azo and iodo–spyro dyes, after inmobilizing lipase 2 (Bacillus 
Thermocathenolatus) into the support. Optical regulated hydrolytic activity for azobenzene 
(365 cis and 460 nm trans) and spyropiran (380 mero and 500 nm spyro) showed a discrete 
change (up to 1.5 fold UV/vis) with both switches and at different mutated positions. 
However, HPLC analysis showed bigger difference in enantiopreference depending on the 
dye, the position and the substrate used. Hydroslyis of 2–butyryloxy–2–phenylacetic acid 
in position 320C with spyropiran, the S enantiomer is favored under visible light and in 
position 295C with azobenzene, the S enantiomer is favored under UV light. 
Enantioselectivity changes were also observed in the hydrolysis of 1–phenyl–ethyl acetate 
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catalyzed in position 187C and 320C for spyropiran where the R enantiomer is favored 
under visible light. In particular, positon 187C showed 3 times higher enantioselectivity 
with visible light than with UV light and approached that of the native enzyme. Those 
results were supported by computational calculations, in accordance with geometrical or 
hydrophobic switch changes towards the applied substrate.236 
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CHAPTER 4: Photo−modulation of lipase 
enantioselectivity  
 
This work is the result of a collaboration between Dr. Fernando López and Prof. Pau 
Gorostiza, encompassed within the FPI subprogram framework supported by the Spanish 
Ministery EEBB-I-12-04884, carried out from april to october of 2012 in the laboratories 
of Prof. José Manuel Guisán under the supervision of Dr. Fernando López Gallego 
(Instituto de Catálisis y Petroleoquímica (ICP), Campus Universidad Autónoma de Madrid 
(UAM)). Experimental assays design and measurements with spiropyran dye were done by 
Dr. Fernando López. My contribution to this work was the synthesis of azobenzene 
compounds and their corresponding tests. Víctor Rojas under the supervision of Prof. 
Carme Rovira were responsible for computational simulation experiments (Department of 
Organic Chemistry, Universitat de Barcelona (UB)), to compare the experimental results 
obtained and disclose certain mechanistic insights. The publication: Optical Control of 
Enzyme enantioselectivity is Solid Phase. ACS Catal., 2014, 4 (3) 1004-1009, reproduce 




The aim of this chapter is to control with light the rate and enantioselectivity of an enzyme. 
For that purpose, a genetically engineered lipase 2 (from Bacillus Thermocathenolatus) 
anchored with azobenzene and spiropyran molecules into its catalytic site will serve to 
analyse the light-effect modulation of lipase 2 catalytic properties, depending on the nature 
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Isolated enzymes can catalyse organic transformations with both high yield and high 
enantioselectivity under mild conditions. However, in situ modulation of catalytic 
properties has proven to be a great challenge, as indicated by the lack of methods to 
regulate enzyme enantioselectivity during in vitro biotransformations. The dynamic control 
of enzyme selectivity for in vitro reactions schemes is thus an unmet need, especially in the 
context of cascade reactions catalyzed by multienzyme systems, in wich biocatalysts must 
be switched on and off in situ according to system requirements. Optical control3 offers the 
possibility to remotely manipulate enzyme activity using spatiotemporally designated 
patterns of illumination.37 Moreover, the immobilization of these engineered biocatalysts 
would enable their reuse as well as their incorporation into nanodevices.237 Here, we 
present a rational approach to conjugate photochromic compounds to an immobilized 
enzyme in a site-directed manner and demonstrate for the first time the possibility of 
regulation of its enantioselectivity with light.  
Lipases are serin–threonin hydrolases that naturally catalyze the hydrolysis of lipids and 
are widely applied in chemical processes from research laboratories to industrial plants.235 
Most lipases present a hydrophobic active site shielded by an amphiphilic domain (named 
as “lid”) that triggers the catalytic mechanism in the presence of hydrophobic substrates.238 
This class of enzymes is the paradigm of enantioselective biocatalysis, and their hydrolytic 
rate and enantiomeric excess can be enhanced by adjusting the position of the substrate 
into the hydrophobic cavity.239 A plethora of methodologies to alter the lipase catalytic 
mechanism have been devised, including enzyme engineering, reaction media engineering, 
immobilization, and chemical modification.239-241 We have recently reported the alteration 
of both activity and selectivity of lipase 2 from Bacillus thermocathenolatus (BTL2) using 
site-directed chemical modification in the solid–phase.242 Building upon this methodology, 
we pursued photocontrol of BTL2 catalytic properties by tethering a photochromic group 
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We chemically modified BTL2 with different photochromic molecules. As a result of the 
reversible transformation of the photochromic group anchored to the protein scaffold, we 
expected the active center conformation to change under different illumination conditions 
(Figure 1. I). To test whether those changes availed in altering the enzyme activity, we 
evaluated several positions located at the substrate binding pocket and at two compounds 
displaying different photochromic processes (Figure 1. II). In particular, an iodoacetate–
spiropyran (57, Figure 1) and an azobenzene–methylthiosulfonate (58, Figure 1) were 
specifically conjugated to a unique cysteine at positions 17, 187, 245, 295, and 320 of 
BTL2. These positions were rationally choosen because they are important either for the 
substrate binding (17, 245 and 320) or for the lid aperture during the catalysis (187 and 
295) (supporting information, Figure S1 and Table S1).238 The unique cysteine at the 
specific position was introduced by directed mutagenesis using a cysteine-less BTL2 
variant that was created in previous work242 to avoid unespecific chemical modification. 
Both catalytic rate and enantioselectivity were assayed toward a survey of esters, under 
different light conditions (see the Supporting Information for details on the synthesis, 
mutagenesis, purification and site-selective chemical modification in solid phase of the 
enzymes). The conjugation took place in the solid phase by incubating the immobilized 
BTL2 in a photochromic compound solution. The yield of the chemical modification was 
evaluated by thiol titration. As an example, 94 ± 9 (%) of the BTL2 active centers were 
modified with molecule 57 at position 245. The conjugation procedure was simplified by 
solid–phase preparation since excess reagents and solvents could be easily removed by 
vacuum filtration. The site-directed chemical modification was confirmed by mass 
spectrometry (supporting information, Figure S2)  
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Figure 1. I) Site-directed chemical modification of BTL2 with phoswitchable molecules. Reversible 
conformational changes of semisynthetic binding pocket induced by light. BTL2 immobilized on agarose 
beads activated with cyanogen bromide groups has been site-directed-modified with photoswitchable 
molecules. Since the photosentitive molecules have been closely anchored to the catalytic residues, enzyme 
properties can be modulated. II) Photochromic properties of different immobilized bioconjugates. 
Photoswichable equilibrium undergone by spiropyran (57) and azobenzene (58) molecules. The spiropyran 
compound is activated by an iodoacetate reactive group (57a) to specifically react to cysteines on the protein 
structure, resulting in covalent and irreversibly anchored (57b) bioconjugates. In the same way, the 
azobenzene compound was activated with methylthiosulfonate groups (MTS) (58a) that selectively react to 
cysteine, as well, but form covalent and reversible bioconjugates (58b). 
 
3.2–'Spectroscopic'Characterization'of'the'PhotoNsensitive'Biocatalysts'
The photochromic biocatalysts were spectroscopically characterized under different 
illumination conditions. Ultraviolet (UV) light transforms the apolar spyropyran 57 into the 
planar, polar merocyanine form (Figure 1. I) and causes the isomerization of azo derivate 
58 from the extended trans configuration to the bent cis form (Figure 1. II). In both cases, 
the initial state is reversibly recovered under visible illumination or after thermal relaxation 
in darkness (Figure 2. I, II). It is noteworthy that photochromic molecules tethered to 
immobilized BTL2 (57b and 58b) presented absorbance spectra similar to those of the 
I) II) 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF PHOTOSWITCHABLE MOLECULES FOR BIOLOGICAL APPLICATIONS. 
Antonio Bautista Barrufet 




molecules in solution. UV light increased the absorbance of compound 57 at 550 nm, as 
previously reported243 (Figure 2. I, inset) and decreased the absorbance compound 58 at 
350 nm, as described for similar azobenzenes244 (Figure 2. II, inset). However, the half-
life of thermal relaxation and the stationary state achieved in the dark by both 
photochromic molecules were substantially altered by coupling to the protein.18 For 
example, after UV illumination, the soluble 57a relaxation rate under darkness was 20% 
faster than the same molecule anchored to position 245 in the BTL2 active site (57b). In 
fact, 80% of soluble 57a was relaxed after 24 h in darkness, but only 60% relaxation was 
observed after 24 h for 57a conjugated to the protein scaffold (57b). Moreover, 57a and 
57b preparations only were partially relaxed in the dark and required visible illumination 
to completely convert them back to the spiropyran form (Figure 2. I and supporting 
information Figure S3A). Therefore, the alteration of the “reversible photo-equilibrium” 




Figure 2. Spectroscopic characterization of immobilized BTL2 bioconjugates modified with either 
spiropyran (I) or azobenzene (II) molecules (see Supporting Information). Inset figure depicts the absorbance 
spectrum of solid bioconjugates illuminated with either visible (green line) or UV (violet line) light. The 
arrows point out the effect of the light switch on the absorbance maximum of the different molecules. The 
main graph represents the evolution of active site states under different light conditions. Red circles 
correspond to wild type and, consequently, non-modified BTL2; black squares, to BTL2-modified at position 
245. After illuminating solid photochromic bioconjugates with UV lights, the relaxation of the excited 
compound was monitored along the time in darkness. Afterward, the solid preparations were subjected to 
light cycles to study the photocommutability of the anchored molecules into the active site environment. 
'
I) II) 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF PHOTOSWITCHABLE MOLECULES FOR BIOLOGICAL APPLICATIONS. 
Antonio Bautista Barrufet 




Catalytic reactions with several conjugated BTL2 variants were carried out under different 
illumination conditions, and the activities were measured using colorimetric assays. Figure 
3. I and II show the hydrolytic activity of different immobilized bioconjugates under UV 
and visible light. In general, conjugation of photochromic molecules led to a reduction in 
lipase activity, but several variants displayed a catalytic rate that was moderately light–
dependent, thus validating the strategy to photocontrol an enzyme with a shielded active 
site. As an example, BTL2 conjugated with 57 at positions 187 and 245 (BTL2–187C-57 
and BTL2–245C-57) and with 58 at position 245 (BTL2–245C-58) presented a relative 
1.5-fold higher activity under UV light than under visible light (Figure 3. I and II). These 
results demonstrate that the anchoring site of the photochromic group in the lipase is 
critical to control its hydrolytic activity with light, and constitute the first demonstration of 
enzyme photoregulation in solid state using porous materials as carriers. The choice of 
agarose beads as carriers was key because its transparency allows light passing through the 
pores and illuminating the enzymes attached to the solid structure, thereby activating the 
photochromic molecules anchored to the protein. 
 
!!
Figure 3. Analysis of the enzyme properties of photoswitchable lipase under different illumination 
conditions. Esterase activity of different immobilized variants of BTL2 modified with either 57a (I) or 58a 
(II) compounds under light at different wavelengths. Hydrolytic activity of the different chemically modified 
BTL2 variants were measured under either visible light (green bars)(500 and 460 nm for 57b and 58b 
bioconjugates respectively) or UV light (violet bar) (380 and 365 nm for 57b and 58b bioconjugates, 
respectively). The spherical points show the photocommutation ratio defined as the coefficient between the 
specific enzyme activity under UV and visible lights. Values close to 1 mean a non-photocommutable lipase, 
and ratios higher or lower than 1 mean photocommutable lipases. 
I) II) 
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These novel results prompted us to examine enzyme enantioselectivity, arguably one of the 
most outstanding properties of lipases.239 To that goal, we tested racemic mixtures as 
substrates and measured the chirality of the products yielded by different BTL2 
bioconjugates under UV and visible illumination. The enantioselectivity of modified BTL2 
variants toward two different racemic esters, 2-butyryloxy-2-phenylacetic acid (rac-59) 
and 1-phenyl-ethyl acetate (rac-60), is shown in Figure 4 I and II, respectively. In the first 
case, site-directed modification of BTL2 with compound 57 tended to preferentially 
hydrolyze the S enantiomer, inverting the natural preference by the R enantiomer displayed 
by the native enzyme. In contrast, modification with compound 58 enhanced the 
enantiomeric excess values of the native enzyme (see complete results in supporting 
information Tables S2 and S3). Photocontrol of the enantioselectivity depended both on 
the conjugation site and on the nature of photochromic molecule unlike activity that 
depend only on the conjugation position. In this regard, the enantioselectivity was the 
inverse of the result for the hydrolysis of rac-59 using BTL2–320C-57 (the S enantiomer is 
favored under visible light) and BTL2–295C-58 (the S enantiomer is favored under UV 
light) (Figures 3. I and supporting information Figure S4). On the other hand, 
enantioselectivity changes were also observed in the hydrolysis of rac-60 catalyzed by 
BTL2–187C-57 y BTL2–320C-57 (the R enantiomer is favored under visible light) 
(Figure 3. II). In particular, the enantioselectivity of BTL2–187C-57 toward rac-60 under 
visible light was three times higher than under UV light, thus being approached to the 
native enzyme.  
Position 320 located at the binding pocket and the contact region between the lid domain 
and the active site are "hot-spots" to anchor photochromic molecules that effectively 
modulated the enzyme enantioselectivity by the action of the light. Similarly, chemical 
modification of position 320 of BTL2 with alkanes modified both the activity and the 
enantioselectivity of the immobilized BTL2.242 
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Figure 4. Selective hydrolysis of 2-butyryloxy-2-phenylacetic acid (rac-59) (I) and 1-phenyl-ethyl acetate 
(rac-60) (II) to their corresponding chiral alcohols 3-phenyl-2-hydroxypropionic acid (61) and 1-phenyl 
ethanol (62) were catalyzed by different BTL2 bioconjugates modified with either 57a or 58a compounds. 
Effect of light on the lipase selectivity was determined by measuring the enantiomeric excess (ee %) of the 
different bioconjugates modified at different positions under either visible (green bars) or UV (violet bars) 
light. For bioconjugates 57b, visible and UV wavelengths were 500 and 380 nm. For bioconjugates 58b, they 
were 460 and 365 nm for visible and UV light, respectively. 
 
In principle this approach can be expanded to other enantioselective enzymes, regardless 
the morphology of their active site, and the catalytic mechanism as well as the activity of 
several enzimes (endonucleases, carbonic anhydrase, etc.)34, 229, 232 can be modulated by 
light. Therefore, these light-driven changes in enzyme enantioselectivity constitute a 
breakthrough in the regulation of biocatalysis for in vitro applications.  This complements 
engineered245 and artificial246-248 enzyme strategies to provide reversibility and remote 
control and largely outperforms previous attempts using additives in the reaction media.242 
Moreover, this work demonstrates for the first time that light can also modulate enzyme 
properties in the solid phase as well as it does in solution. The resulting photochromic 
immobilized biocatalysts might be used in a fix-bed reactor for a continous process that is 
able to respond to external signals, such as the light. This opens new opportunities for the 
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Since photoisomerization is expected to produce subtle changes in the catalytic site, we 
evaluated the photocontrol of the catalytic versatility of these novel biocatalysts. For that 
purpose, we performed a kinetically controlled transesterification reaction using glycerol 
(63) and methyl butyrate (64) as substrates (Figure 5). It has been reported that BTL2 
catalyzes the transesterification reaction, yielding the corresponding glyceryl butyrate (65). 
However, the enzyme can also hydrolyze 64, yielding butyric acid (66), undesirably 
lowering the synthetic product yield.249 From a mechanistic point of view this reaction is 
highly interesting because it reveals that the lipase can act as synthetase and hydrolase in 
the same reaction. The ratio between synthesis and hydrolysis depends on the catalytic 
properties of the enzyme, and thus, it could be, in principle, regulated by light. To test this 
possibility, we carried out the transesterification reaction using immobilized BTL2–P245-
57 and different light cycles. Figure 2. I shows how BTL2 properties were altered by light 
while the unmodified native lipase was insensitive to illumination. Although UV light 
promotes an active site configuration that can hydrolyze and synthesize at similar rates, 
visible light leads to an enzyme that hydrolyzes three times better than it synthesizes. In the 
light statistical analysis of these results, differences between synthetic and hydrolytic ratios 
were much more significant under visible light than under UV light; therefore, the 
synthesis/hydrolysis ratio can be dynamically controlled by light, enabling the temporal 
control of catalytic performance of BTL2 in mechanistic terms. 
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Figure 5. Kinetic controlled synthesis of 2-O-butyril-glycerol (65) catalyzed by BTL2 modified with 57a at 
position 245. The light was switched every 30 min during the reaction, and the substrates and the product 
have been analyzed by HPLC to study the simultaneous hydrolytic and synthetic reactions. Synthetic (blue 
bars) and hydrolytic (red bars) rates represented in this figure were determined under different light 
conditions. Error bars show the standard deviation of two independent measurements subject to t test 
analysis, where (*)p < 0.05, (**)p < 0.01 are the significant differences between hydrolytic and synthetic 
rates and n.s. means no significant differences between those rates. The black circles and solid black line 
represent the ratio between the synthetic and the hydrolytic activity of the photoswitchable bioconjugate and 
the white circles and dashed black line show the same ratio for the unmodified wild type enzyme. 
 
 
3.5' In' Silico' Studies' of' Photosensitive' Bioconjugates.' Binding' Mode' of'
Substrate'to'the'Active'Site'under'Different'Light'Conditions'
Due to the success of this approach was built on rational design but also on testing 
empirically several attachment positions and reaction conditions, we turned to computer 
simulations of the best photocontrolled lipase variants to identify the principles that could 
help in the optimization of further design. In particular, we asked whether the observed 
enantiomeric excesses for the different bioconjugates can be explained by the influence of 
photoisomerization on the spatial availability within the active site by altering the 
substrate-binding properties (energy and conformation) or by conformational changes in 
the enzyme structure. To this aim, molecular dynamics (MD) simulations were performed 
on the lipase modified with either spiropyran or azobenzene molecules. Separate docking 
calculations with the R and S enantiomers of the 2-butyryloxy-2-phenylacetic acid (rac-59) 
substrate were also carried out. MD simulations have successfully been used to model 
conformational motions in lipases,250 including substrate binding.251 The current MD 
simulations show that bioconjugation with 57 and 58 does not perturb the protein folding, 
and the substrate binding pocket does not change significantly. Since the reactions were 
performed under nonsaturating conditions (1 mM), binding energy differences should 
reflect differences in reactivity. Analysis of the most populated substrate docking poses 
(among the ones well oriented for catalysis) (Figure 6) shows that the R/S enantiomers 
have a similar binding energy for the bioconjugates with little enantiomeric excess (Figure 
6B: BTL2–320C-57 in the merocyanine state, and Figure 6C: BTL2–295C-58 in the trans 
configuration). In contrast, the two enantiomers are well separated in terms of binding 
energy for the bioconjugates for which the highest enantiomeric excess was measured 
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(Figure 6A: BTL2–320C-57 in the spiropyran state, and Figure 6D: BTL2–295C-58 in the 
cis configuration). Furthermore, the S enantiomer is clearly favored with respect to the R 
enantiomer not only in terms of energy but also in terms of structure (closeness of the 
substrate to the catalytic residues), with the effect being more pronounced for BTL2–
295C-58 under UV-light and in the cis conformation (Figure 6 and supporting 
information, Table S4). Therefore, the simulations support that the highest enantiomeric 
excesses are experimentally observed for these two bioconjugates: BTL2–320C-57(top) 
and BTL2–295C-58 (bottom) under visible (left) and UV (right) light. 
 
Several strategies have been devised to control the catalytic rate of enzymes with light,3 
including unspecific conjugation of photochromic compounds,10 diffusible photochromic 
ligands,252 and site-specific incorporation of photochromic unnatural aminoacids.229 
However, photocontrol of chirality has remained elusive, despite the wide biochemical and 
biotechnological importance of enantioselective enzymes and knowledge of their structure 
and catalytic mechanisms. 
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Figure 6. Most populated docking modes of (R,S)-2-butyryloxy-2-phenylacetic acid (rac-59) in the active 
site of the bioconjugates BTL2-P320C-57(top) and BTL2-P295C-58 (bottom) under visible (left) and UV 
(right) light. The differences in binding energies between the R and S enantiomers are indicated on the figures 
(positive values indicate binding that favors the S enantiomer). Adapted from Víctor Rojas 
 
 Here, we have presented a rational approach to nanoengineer immobilized enzymes by 
site-directed chemical modification with photochromic compounds. We have demonstrated 
how such chemical modifications enable optical regulation of BTL2 catalytic properties in 
different reaction schemes. The strategy of conjugating photochromic compounds in the 
binding pocket has allowed manipulation of the steric hindrance of the cavity and 
achievement of an enantioselective molecular fit in certain cases. Structural modeling and 
simulations provide a good basis to understand the experimental results, pinpointing the 
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atomic-scale structural elements that are key to photoregulate BTL2 activity and 
selectivity. In particular, light acts as an external stimulus that influences the active site 
spatial availability rather than promoting a conformational change in the protein tertiary 
structure (see supporting information Figure S5).  
In this way, light remotely alters the substrate binding because the binding pocket is 
differently but reversibly shaped by a photocontrolled molecular adaptor. The combination 
of experiments and simulations suggests that the approach could be extended to other 
structurally well-characterized enzymes or multienzymatic complexes, providing reversible 
and noninvasive modulation of different biocatalytic properties in-pot. This novel form of 
enzymatic photoregulation might be useful to externally control a branching point in 
cascade enzymatic reactions. For example, in one-pot multienzymatic complexes, light 
would act as an external stimulus, selecting the products to be fed as substrates into 
subsequent enzymatic steps. This function is analogous to that of demultiplexer devices in 
electronic circuits (see supporting information, Figure S6) and has been recently 
demonstrated in organic molecular devices.253 The enzyme with photoswitchable 





• We have presented a method to control the catalytic properties of a lipase with light 
that is based on the site-directed chemical conjugation of photochromic molecules 
into the catalytic cavity.  
 
• Despite the relatively small changes in activity (Figure 3), the selectivity of the 
enzyme was modulated for the first time with light, using azobenzene (58) and 
spiropyran (57) molecules. The position, the photochromic compound selected and 
the substrate used, are crucial for the resulting effect (Figure 4). 
 
• In particular BTL2–320-57 and BTL2–295-58 derivates for rac-59 substrate, show 
a change in the enantiopreference with light. For the first one, the S enantiomer is 
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favoured under UV light. In contrast, the R enantiomer is favored under UV light 
for the second. However, BTL2–187-57 and BTL2–320-57 for rac-60 share the 
same enantiopreference but the enantiomeric excess can be optically modulated 
(Figure 4). 
 
• Transesterification experiments using inmobilized BTL2–245-57 showed a 
dynamic synthesis/hydrolysis optical ratio control. Similar synthesis-hydrolysis 
rates were observed with UV light. However in visible light, the enzyme can 
hydrolyse three times better than it can synthesize (Figure 5).  
 
• Molecular dynamics simulations indicated that conjugating photochromic 
compounds in the active site allows manipulation of the steric hindrance and 
binding energy of the substrates, leading to an enantioselective molecular fit in 















UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF PHOTOSWITCHABLE MOLECULES FOR BIOLOGICAL APPLICATIONS. 
Antonio Bautista Barrufet 































UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF PHOTOSWITCHABLE MOLECULES FOR BIOLOGICAL APPLICATIONS. 
Antonio Bautista Barrufet 







Materials: Agarose beads activated with cyanogen bromide groups were supplied by GE 
healthcare (Uppsala, Sweden). Triton X-100, p-nitrophenyl butyrate (p-NPB), 
nitrosobenzene, 4,4’-diaminothiobenzene, Acetic acid (AcOH), sodium sulfinate, I2, 2-
(butyryloxy)-2-phenylacetic acid, 1-phenylethyl acetate,  were purchased from Sigma 
Chem. Co (St. Louis, MO, USA). Other reagents and solvents were of analytical grade. 
(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 2-iodoacetate, was 
synthesized as described.243 LED lamps and power supply used for irradiation of 
compound 1 at 380/500 nm and compound 2 at 365/460 nm were custom-made by 
FCTècnics (Sant Adrià de Besòs, Spain) 
Bacterial Strains, Plasmids and Enzyme expression: Escherichia coli strain DH5α 
(laboratory stock) was used for routine cloning procedures. Overproduction of BTL2 
variants were carried out using BL21 (DE3) (laboratory stock). The E. Coli strains were 
routinely cultured at 37ºC in Luria-Bertani (LB) broth using ampicillin (150 µg/mL) as a 
resistance marker. The overexpression and purification of BTL2 variants were carried out 
as previously described by López-Gállego et al.242 
Site-directed mutagenesis to create the mono-cysteine variants of BTL2. Site directed 
mutagenesis protocol was used to construct five BTL2 mutants (F17C, C64S, V187C, 
L245C and I320C). Mutants F17C, V187C, L245C and I320C were made by using BTL2 
C64S/C295S as template. While for the mutant C64S (having an unique cysteine in 
position 295), we used the native BTL2 gene as template. Briefly, to introduce the amino 
acid change, the corresponding pair of oligonucleotides was used as primer pair in a PCR 
reaction using a specific plasmid as template and Prime Start HS Takara DNA polymerase. 
The product of the PCR was digested with DpnI that exclusively restricts methylated DNA. 
E. coli DH5α cells were transformed directly with the digested product. The plasmids 
bearing the mutated btl2 genes were identified by sequencing and then transformed into E. 
coli BL21(DE3) cells to express the corresponding proteins. Mutations F17C, C64S, 
V187C, L245C and I320C were previosly described elsewhere by our group.3, 237, 255 
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Enzyme activity assay. Both immobilized and soluble lipase activity of BTL2 variants (5 
µL in a 1/50 suspension) were spectrophotometrically measured by using 0,25 mM of p-
nitrophenyl butyrate (p-NPB) as a substrate. The colorimetric product (p-nitrophenol) was 
quantified at different times by measuring the absorbance at 405 nm. The enzyme activity 
was calculated based on the product extinction coefficient (ε = 5,15 mM-1). The assay was 
carried out in 96-well microplates with a final volume of 205 µL, under different 
illumination conditions, based on the photochromic compounds used.   
Immobilization of BTL2 variants: Firstly the Ag-CNBr was activated with a solution at pH 
2 following the supplier instruction (GE healthcare, USA). The immobilization was carried 
out by the addition of 1g of agarose activated with cyanogen bromide groups to 10 mL of 
enzyme solution (12-87 U/mL) dissolved in 25 mM sodium phosphate buffer at pH 8. The 
suspension was gently stirred for 1h at 25 °C. Then, the support was vacuum filtered and 
washed with 25 mM sodium phosphate buffer at pH 8 and incubated for 2h with 1 M of 
ethanolamine solution at pH 8. Finally, the immobilized preparation was washed with 
abundant distilled water. 
Conjugation with iodoacetate-spiropyran: 1 g of immobilized BTL2 variant was incubated 
with 10 mL of conjugation solution at 25 ºC under gentle stirring for 2 h. The conjugation 
solution was formed by 0,1 mM iodoacetate-spiropyran, 20% DMSO, 0,02% Triton X-100 
and 10 mM Tris-HCl at pH 8. 
Conjugation with azo-methylthiosulfonate: 1 g of immobilized BTL2 variant was incubated 
with 10 mL of conjugation solution at 25ºC under gentle stirring for 2 h. The conjugation 
solution was formed by 0,1 mM azo-methylthiosulfonate, 25% acetonitrile, 0,02% Triton 
X-100 and 10 mM Tris-HCl at pH 8. After conjugation with the different photochromic 
molecules, the immobilized preparations were exhaustively washed with water and then 
equilibrated with with 10 mM Tris-HCl at pH 7. Finally, all samples were stored at 4 ºC 
Trypsin digestion procedure: 0.1 g of solid bioconjugates were incubated with 0.5 mL of 
guanidine 6 M in 12.5mM Tris-HCl buffer at pH 8, for 1h. Then, the guanidine was 
removed by vacuum filtration and the solid was washed with 100 volumes of 50 mM Tris-
HCl buffer at pH 7.6. Afterwards this solid was incubated with 0.2 mL of trypsin solution 
for 12-16 h at 25 °C. Trypsin was dissolved in 50 mM Tris-HCl buffer at pH 7.6. The 
concentration of trypsin in such solution kept the ratio protease/protein 1:100-1:20. Finally 
the suspension was filtered and the supernatant was collected and stored at -20 °C for 
further mass spectrometry analysis.  
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Hydrolysis of chiral esters under different illumination conditions: 1-5 mM of different 
racemic esters (rac-59 and rac-60) were dissolved in 10 mM Tris-HCl buffer at pH 7. 10 
µL (1/3 suspension) of different immobilized and photoconjugated BTL2 variants were 
exposed to different illumination conditions and reactions were triggered with 200 µL of 
the corresponding substrate solution. Hydrolysis reactions were incubated under the 
corresponding illumination conditions and 25 °C. Afterwards, the reactions were stopped 
at different end-point times by centrifugation removing the solid biocatalysts. The resulting 
supernatant was analyzed by HPLC under different conditions. HPLC equipment (Spectra 
Physics SP 100 coupled with a Diodos detector Spectra Physics SP 8450) was coupled to 
Kromasil C8 column (15 cm x 0.46 cm) supplied by Análisis Vínicos (Spain) to calculate 
the reaction conversion. The mobile phase was 35% acetonitrile in 10 mM of ammonium 
phosphate buffer at pH 3.2  for rac-59 and rac-60 respectively. The analyses were 
performed at a flow of 1 mL/min by recording the absorbance at two wavelengths of 254 
and 210 nm. On the other hand, the enantiomeric excess (e.e.) of the different enantiomers 
of  61 and 62 were also determined by HPLC analysis on a chiral column (OD-R) using a 
mixture isocratic mobile phase 10 mM ammonium phosphate buffer and 5% acetonitrile at 
pH 2.3 and 7 as mobile phase, respectively. The analyses were performed at a flow of 0.5 
ml/min by recording the absorbance at 210 nm. 
Kinetically controlled synthesis of 2-O-butyril glycerol. 0.1 g of different immobilized 
BTL2 and conjugated variants was incubated with 2 mL of a reaction mixture consisting of 
90% glycerol in 10 mM Tris-HCl buffer and 50 mM methyl butyrate at pH 7. The reaction 
was carried out with gently stirring at 25 °C and samples of supernatants were withdrawn 
at different times. The samples were analyzed by HPLC (Spectra Physics SP 100 coupled 
with a Diodos detector Spectra Physics SP 8450) using a Kromasil C8 column (15 cm x 
0.46 cm) supplied by Análisis Vínicos (Spain). The isocratic mobile phase was 0.025 mM 
acetic acid and 30% of acetonitrile dissolved in distilled water at pH 3.7. The analyses 
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(1,2-bis(4-((E)-phenyldiazenyl)phenyl)disulfane). Modified protocol.256 To a flask 
containing 4,4’-diaminothiobenzene (0.2 g, 0.81 mmol) dissolved in AcOH (0.32 M), 
nitrosobenzene (0.3 g, 2.81mmol) was slowly added (over a period of 10 min.). At this 
point we can see a colour change from fluorescence yellow to an orange-brownish 
solution. The reaction was kept without stirring for 5 days at room temperature. After that, 
the crude was dissolved in CH2Cl2 (30 mL) and extracted with HCl solution (1M) (2 × 30 
mL), then washed with water (2 × 30 mL) and brine (2 × 30 mL). Residual H2O was 
removed with MgSO4, and the organic solvent was evaporated. The residue obtained was 
crystallized in a dimeric form with hot THF obtaining an orange solid (0.24 g, 69 %). mp 
164-167 ºC. IR (ATR): 1508, 1478, 1103, 1069, 1018, 1006, 827, 765, 538, 527 cm-1. 1H 
NMR (400 MHz, CDCl3): δ 7.90−7.87 (m, 8H), 7.66−7.63 (m, 4H), 7.52−7.46 (m, 6H). 
13C NMR (100 MHz, CDCl3): δ 152.7, 151.8, 140.02, 131.3, 129.3, 127.7, 123.8, 123.1. 




(E)-S-(4-(phenyldiazenyl)phenyl) methanesulfonothioate)(58a).257 A  mixture of sodium 
sulfinate (0.150 g, 1.47 mmol) and 1,2-bis(4-((E)-phenyldiazenyl) phenyl) disulfane (0.196 
g, 0.46 mmol) were dissolved in CH2Cl2 (0.2 M) with vigorous stirring. Once all solid 
particles were dissolved, I2 (0.245 g, 0.97 mmol) was added and the reaction continued 
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mL). The organic layer was separated and washed with a saturated solution of Na2S2O3 (2 
x 50 mL), then H2O (2 × 50 mL) and brine (2 × 50 mL). To remove the remaining water, 
Na2SO4 was used, and the organic solvent was evaporated under reduced pressure. The 
solid obtained was purified by crystallization using a THF/Hexane solvent mixture. The 
resulting product appeared as a bright orange solid (0.075 g,  56 %). mp 157-162 ºC. IR 
(ATR): 1512, 1475, 1296, 1093, 934, 830, 543, 479 cm-1. 1H NMR (400 MHz, CDCl3): δ 
8.01−7.94 (m, 4H), 7.88−7.86 (m, 2H), 7.58−7.53 (m, 3H), 3.23 (s, 3H). 13C NMR (100 
MHz, CDCl3): δ 154.1, 152.5, 137.1, 132.0, 130.2, 129.4, 124.1, 123.3, 47.9. HRMS 


































































UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF PHOTOSWITCHABLE MOLECULES FOR BIOLOGICAL APPLICATIONS. 
Antonio Bautista Barrufet 


























































































UNIVERSITAT ROVIRA I VIRGILI 
DESIGN AND SYNTHESIS OF PHOTOSWITCHABLE MOLECULES FOR BIOLOGICAL APPLICATIONS. 
Antonio Bautista Barrufet 





5.4–' SolidNphase' conjugation' of' BTL2' variants' with' photochromic'
molecules'
 
The immobilized BTL2 variants were reduced by incubation of the solid derivatives with 5 
mM DTT and 0.02% Triton X-100 solution at pH 8 and 25 ºC for 45 min. Then, the 
derivates were exhaustively washed using vacuum filtration in order to remove the DTT 
excess, and finally equilibrated with 25 mM sodium phosphate pH 8. Later on, the reduced 
solid preparations were conjugated with photochromic molecules through specific reaction 
between the unique cysteine residue of BTL2 variants and the reactive groups linked to the 
photochromic molecules.  
 
5.5–' Spectroscopic' characterization' of' photochromic' compounds' both' in'
solution'and'in'solid'state'biconjugated'to'immobilized'BTL2  
 
Suspensions of different immobilized BTL2 variants conjugated to different photochromic 
molecules (57 or 58) were prepared in 25 mM sodium phosphate at pH 7. Experiments 
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(UV, visible or darkness) regarding to the photochromic molecule tethered to the BTL2. 
We measured the spectrum of the different variants under the different light conditions 
along the time. Similar experiment was carried out with soluble 57 and 58 molecules and 
their spectrums were monitored as well. The normalized absorbance was calculated as 
follows:  
 
Normalized Absorbance = (AbsX-Ablank)/Absmax 
 
AbsX: Absorbance  of the sample under certain illumination conditions 
 
Absblank: Absorbance of the non conjugated lipase immobilized on agarose beads 
under certain illumination conditions. In the case of the soluble molecules, this is the 
absorbance of the media where the measurements were carried out 
 
Absmax: Maximun absorbance measured under either UV or visible illumination 
conditions. In the case of molecule 57, the maximum absorbance was determined 





Four systems were built to simulate the different states of the photochromic groups under 
the UV (merocyanine and cis-azobenzene isomer) and visible (spiropyran and trans-
azobenzene) light conditions. The wild-type protein (PDB code 2W22, at 2.20 Å 
resolution) was conjugated to spiropyran and merocyanine photochrome molecules 
through a I320C mutation. Cis and Trans azobenzene were manually linked to the protein 
at the Cys295 residue through a S-S bridge. Hydrogen atoms were added using the 
standard tools of AMBER258 and the protein was solvated by a box of water molecules of 
size 100.2 x 79 x 82.2 Å3. 
The protein was modeled with the FF99SB force field.259 To parametrize the photochromic 
groups, geometry optimizations and charge calculations at the B3LYP/6-31G* level of 
theory were performed using the Gaussian09260 and AmberTools packages. Water 
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molecules were described with the TIP3P force field.261 Formal charges of +2 were 
assigned to calcium and zinc cations. 
Molecular dynamics (MD) simulations of the four systems were performed to for the four 
bioconjugate systems (lipase-merocyanine, lipase-trans-azobenzene and lipase-cis-
azobenzene) using NAMD software.262 The MD simulations were carried out for each 
system in different steps. First, all water molecules were minimized. Then, the whole 
system (protein + solvent) were relaxed. To gradually reach the desired temperature of 300 
K in the MD simulation, the system was coupled to a thermostatic bath in 130 ps of MD 
simulation at constant volume and 50 ps more at constant pressure. The MD simulations 
were extended to ~ 50 ns, until the RMSD remains constant (Figure S7). 
Docking calculations were perfomed on the equilibrate systems, choosing one 
representative conformation in the flat RMSD region. All water molecules were excluded. 
The Autodock 4.2.5.1 software was used with a Lamarckian genetic search algorithm to 
get different binding conformations of R and S butyrate isomers. Binding modes were 
ranked by a scoring function implemented in Autodock with a RMSD tolerance 1 Å, which 
allows a separation of conformations corresponding to S or R configurations. A 40 x 40 x 
40 Å grid centered on the catalytic residues (Asp 318, His 359 and Ser 114) and the 
corresponding photochromic groups were used. Gasteiger atom charges were assigned to 
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Figure S1. Localization of the bioconjugation positions into the BTL2 active site. The 
figures shows the position of the target residues (oranges) where we have tethered different 
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Figure S2. Mass spectroscopic analysis of immobilized BTL2-L245C conjugated with 
iodoacetate spiropyran. The tryptic peptide containing a cysteine at position 245 was 
modified with the photochromic molecule, but surprisingly we found both forms 
spiropyrans (visible form) (A) and merocyanine (UV form) (B). This fact can be explained 
because the solid bioconjugates were subjected to UV light conditions and stored in 
darkness at 4 ºC. These suggestions that the relaxation was not completed and thus we 
found both forms of the photochromic compounds. This insight agrees with the Figure 2. I, 
where it can be seen how the relaxation in darkness reaches an equilibrium where both 
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Figure S3. Spectroscopic characterization of soluble spiropyran (A) or azobenzene 
(B) molecules. 100 µM spiropyran was disolved in 25 mM sodium phosphate and 25% 
DMSO at pH 7, while 0.1 mM of azobenze was disolved in 25 mM sodium phosphate and 
33% acetonitrile at pH 7. Normalized absorbance at 550 and 350 nm was monitored under 
different illumination conditions along the time (supporting information point 4 describes 
how to calculate the normalized absorbance from the raw data ). The green bars depict the 
illumination period under visible light, 500 and 460 nm for spiropyran and azobenzene 
respectively. The violet bars depict UV illumination periods at 380 and 365 nm for 
spiropyran and azobenzene respectively. The grey bar represents the incubation of 
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Figure S4. HPLC Chromatograms of enantioselective hydrolysis of rac-59. The peaks 





Figure S5. Structural superposition of the lipase-trans-azobenzene (green) and lipase-
cis-azobenzene (violet) bioconjugates. The structures correspond to an average of the last 
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Figure S6. Analogy between the demultiplexer concept and the photochromic lipase. 
The diagram illustrates that the optical control of enantioselectivity in the hydrolysis of 
rac-59 using BTL2-P295-58 is analogous to the function of demultiplexer devices in 
electronic circuits, and constitutes the first demonstration of a protein-based demux. The 
input signal is given by rac-59, which is converted preferentially to isomer S (output 1) 











Input wavelength output 1 output 2 
0 380 nm 0 0 
0 500 nm 0 0 
1 380 nm 1 0 
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Figure S5. Structural superposition of the lipase-trans-azobenzene (green) and lipase-cis-
azobenzene (violet) bioconjugates. The structures correspond to an average of the last 5 ns of MD 
simulation. The catalytic residues are shown in orange. 
 
Figure S6. Ana ogy b tween demu tiplexer concept and the photochromic lipase. The 
diagram illustrates that the optical contr l of enantioselectivity in th  hydrolysis of rac-7 using 
BTL2-P295-2 is analogous to the function of demultiplexer devices in electronic circuits, and 
constitutes the first demonstration of a protein-based demux. The input signal is given by rac-7, 
which is converted preferentially to isomer S (output 1) under 380nm light, and to isomer R (output 
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Figure S7. Time variation of the RMSD of backbone atoms of the four bioconjugate 
systems investigated (lipase-spiropyran (red), lipase-merocyanine (green), lipase-trans-
azobenzene (pink) and lipase-cis-azobenzene (blue)) during the course of MD simulations 

















Table S1. Design of biconjugation positions in the BTL2 primary sequence. 
Superindex (1) indicates that the mutation was created by using the cysteine-less BTL2 
double mutant C64S/C295S, and superindex (2) indicates that the mutation was created by 





Mutation Native residue Transferred 
residue 
17 171 F C 
187 1871 V C 
320 3201 I C 
245 2451 L C 
295 642 C S 
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Table S2. Enantiomeric excess percentages (ee %) of different mono-cystein mutants 
and the wild type variant of BTL2. The hydrolysis reactions were carried out as methods 
section describes. (ee %) values were calculated at reaction yields lower than 25%. (1) 
WTSC variant is the wild type BTL2 where native cysteine at positions 64 and 295 have 
been changed by serine residues. (2) All these variants have been constructed from the 
template WTSC, thus the resulting variant only contains one cysteine at the indicated 
position. Therefore these variants are triple mutants. (3) This variant has been constructed 
by using wild type BTL2 as template by only changing the native cysteine at position 65 
by a serine. Therefore, the resulting variant will have one of the two native cysteines; the 
cysteine at position 295 
 
 
Substrate WTSC1 V187C2 L245C2 C64S3 I320C2 
rac-59 40±2 (R) 66±1(R) 50±8(R) 15±4(R) 35±9(R) 
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Table S3. Enantiomeric excess percentages (ee %) of different immobilized BTL2 
variants conjugated with different photochromic molecules. The hydrolysis reactions 
were carried out as methods section describes. (ee %) values were calculated at reaction 
yields lower than 25%. For compound 57, the reactions were carried out under 500 nm 
(Visible) and 380 nm (UV light) as illumination conditions. For compound 58, the 






























P187 57 25±3 (S) 9±3 (S) 67±1 (R) 22±3 (R) 
 58 68±7 (R) 67±12 (R) 67±26 (R) 81±26 (R) 
P245 57 29±3 (S) 24±3 (S) 80±3 (R) 70±2 (R) 
 58 74±1 (R) 77±1 (R) 61±3 (R) 82±4 (R) 
P295 58 16±9 (R) 33±14 (S) nd nd 
P320 57 13±3 (S) 3±1 (R) 46±2 (R) 25±8 (R) 
 58 80±2 (R) 71±10 (R) 65±25 (R) 78±20 (R) 
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Table S4. Results of the docking calculations of (R,S)-2-butyryloxy-2-phenylacetic 
acid (rac-59) in the active site of the bioconjugates investigated. Only the docking 
poses corresponding to configurations well oriented for catalysis are considered. For each 
docking mode, its relative population, the binding energy and the distance between the 
substrate and the catalytic serine residue (measured from the serine hydroxyl oxygen to the 
substrate carbonyl carbon atom) is reported. 
 
 








R 1 8 -4,04 6,16 
S 1 54 -4,30 6,25 
lipase-
merocyanine 
R 1 58 -5,15 6,05 
S 1 76 -5,23 7,30 
lipase-trans-
azobenzene 
R 1 20 -5,51 4,36 
S 1 14 -5,59 4,49 
S 2 34 -4,93 9,23 
lipase-cis-
azobenzene 
R 1 52 -4,09 9,20 
R 2 33 -4,08 6,77 
S 1 64 -4,47 6,43 
'
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• Two approaches were designed and attempted to build photoswitchable tethered 
ligands (PTL) of endogenous GluK2 receptors. Only arylazide compound 14 based 
on photoreactive groups was synthesized and in vitro tested with Ca2+ imaging 
technique.  
 
• The results revealed that molecule 14 shows an intact glutamate part, displaying 
reversible binding activity comparable to the one with free glutamate in Ca2+  
imaging tests. However, 14 failed to photosensitize GluK2 under the tested 
conditions. 
 
• We re-designed and extended compound 14 to provide photocontrol of endogenous 
glutamate receptors by direct conjugation by means of a two-component modular 
strategy to generate in situ the complete PTLs.  
 
• To generate directly the PTLs we used a fast adapted version of CuAAC reaction 
and screened different reactive groups and lenghts in order to optimize the best 
candidate with no information available about the distance and covalent labeling. 
Among the library of compounds obtained, 33 and 40 bearing a NHS-ester reactive 
group showed the largest inward currents in GluK1 receptors (cis-active receptor).  
 
• A convergent approach was designed to synthesize benzodiazepine-PCLs bearing 
an azo group for the photomodulation of GABAA receptors. Two analogues were 
synthesized (41 and 43) from the common precursor 47. Compound 42 was also 
attempted but it was isolated as a mixture of 41 (ratio 3:1 respectively, determined 
by NMR).  
 
• The properties of 41, 42 and 43 were determined and common isomerization 
wavelenghts and fast relaxation behaviour under physiological conditions were 
observed for these compounds. In contrast, their different solubility character 
depends on the group polarity of the PCL, significant for biological tests. 
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•  We have presented a method to control the catalytic properties of a lipase with 
light that is based on the site-directed chemical conjugation of photochromic 
molecules (azobenzene 58 and spiropyran 57) into the catalytic cavity.  
 
• In particular BTL2–320-57, and BTL2–295-58 derivates show a change in the 
enantiopreference between UV and visible light for substrates rac-59 and rac-60. 
However, for BTL2–187-57, BTL2–320-57  they share the same enantiopreference 
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AcOH: Acetic acid 
AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
Ar: Argon 
BSA: Bovine Serum Albumina 
CNS: Central Nervous System 
Con A: Concavaline A 
Eq: Equivalents 
GlyR: Glycine Receptors 
HEK293: Human Embrionic kidney cell line  
h: Hours 
5-HT: Serotonin receptors 
Kcat: Catalytic constant 
KD: Dissociation constant 
Ki: Inhibition constant 
Km: Michaelis constant 
LED: Light Emitting Diodes 
mM: Milimolar 
nAChR: Nicotinic acetylcholine receptors 




rt: Room temperature 
SPARK: Synthetic Photoisomerizable Azobenzene-regulated K+ 
TM: Transmembrane  
UPLC: Ultra Performance Liquid Chromatography 
μs: Microseconds 
UV: Ultra violet 
Vis: Visible 
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